Introduction
Small intestinal absorption of dietary calcium occurs by a paracellular pathway driven by osmotic and concentration gradients and a cellular active transport process that is regu-lated by 1,25-dihydroxyvitamin D3 [1, 25(OH) 2D3] (1) (2) (3) . The intestinal actions of 1,25(OH)2D3 occur through a complex serjes of events that are initiated by binding of the steroid hormone to a specific intracellular protein, the vitamin D receptor (4) (5) (6) (7) . Events that follow include nuclear localization of the 1,25(OH)2D3 receptor complex and regulation of hormone-sensitive genes, most likely through binding to DNA (8) (9) (10) .
Whereas the cellular binding of 1, 25 (OH)2D3 to its receptor and subsequent genomic events are similar to those described for other steroid hormones, including estrogens, progesterone, glucocorticoids, and androgens (10), unlike most other hormones, 1,25(OH)2D3 increases rather than decreases the content of its receptor in target cells. The addition of 1 ,25(OH)2D3 to mammalian cultured cells increases the intracellular content of the vitamin D receptor protein (1 1-13) and its mRNA (13, 14) . Because the accumulation of the vitamin D receptor is temporally related to the known actions of 1,25(OH)2D3 to decrease collagen and osteocalcin synthesis in rat osteoblastlike cell primary cultures (12) and induce 25-hydroxyvitamin D3-24-hydroxylase activity in human skin fibroblasts (15) , upregulation of the vitamin D receptor is thought to be involved in amplifying the biologic actions of 1,25(OH)2D3.
Little information is available to determine whether the in vitro phenomenon of homologous upregulation ofthe vitamin D receptor plays a role in vivo in the physiologic regulation of intestinal calcium transport. The vitamin D receptor is present in the intestine of vitamin D-deficient chicks (13, 16) and rats (17) (18) (19) , and Costa and Feldman (19) reported a 30% increase in intestinal vitamin D receptor content upon acute repletion of 1,25(OH)2D3 in vitamin D-deficient rats (19) . Because the increase in receptor content in vivo is modest compared with the two-to fourfold increase observed in vitro (1 1, 20) , studies were performed to determine whether upregulation of the vitamin D receptor may also occur in vivo in vitamin D-replete animals. Rats were fed a low calcium diet (LCD)1 for 3 wk because chronic dietary calcium restriction is known to increase renal 1,25(OH)2D3 synthesis (21) , circulating 1,25(OH)2D3 levels (21, 22) , and calcium active transport across small intestine (3, 23 water ad libitum for 3 wk. Animals were killed by exsanguination through the abdominal aorta, and segments of duodenum (3 cm distal to the pylorus) and jejunum (middle 30 cm of small intestine) were removed for measurements of bidirectional calcium fluxes. Intestinal 1,25(OH)2D3 receptor content was determined using 10-cm duodenal and 10-cm jejunal segments obtained from a separate group of animals raised in an identical manner. Duodenum was chosen for study because of the well known effect of LCD to increase I,25(0H)2D3-mediated duodenal net calcium absorption (3) . Jejunum was used because, in contrast to duodenum, net calcium transport increases only modestly in response to 1,25(OH)2D3 (3).
In vitro calcium transport. Adjacent segments of duodenum or jejunum were rinsed in ice-cold saline and mounted as the partition between two Lucite hemichambers with an exposed tissue area of 0.49 cm2. Mucosal and serosal surfaces were bathed in 10 ml of bicarbonate buffered Krebs-Ringer solution (pH 7.4) containing (in millimolar): NaCI, 120; NaHCO3, 25; KCI, 5; CaC12, 1.25; MgSO4, 1.2; and D-glucose, 11. Reservoirs were gassed continuously with 95% oxygen-5% carbon dioxide to maintain pH at 7.4 and ensure adequate mixing. Unidirectional transepithelial fluxes of calcium were measured as previously described (24) . 45Ca as CaC12 was added to either the mucosal or serosal reservoirs. Aliquots from the initially unlabeled reservoirs were removed at 20-min intervals and counted for 43Ca content in a liquid scintillation spectrometer (model 4530, Packard Instrument Co., Inc., Downers Grove, IL). Steady-state fluxes from mucosa to serosa (Jms) and from serosa to mucosa (J.m) were calculated by the method of Schultz and Zalusky (25) (18) . Rats were killed and intestinal segments removed and flushed immediately with ice-cold saline. All subsequent steps were performed at 0 to 4VC. Segments were slit open along the mesenteric attachment, and the mucosa was scraped from the underlying muscle layers with a chilled glass slide. The mucosa was suspended in 10 vol of calcium-and magnesium-free phosphate-buffered saline containing 5 mM dithiothreitol (DTT) and centrifuged at 200 g for 5 min in a refrigerated centrifuge (Sorvall RC-SC with SS 34 rotor, DuPont-Sorvall, Newtown, CT). The wash was repeated three times. The washed mucosa was sonicated on ice in hypertonic buffer composed of (in millimolar): KCI, 300; Tris-HCI (pH 7.4), 10; EDTA, 1; Na molybdate 10; and DTT, 5 [3H] 1,25(OH)2D3-receptor complex was separated from unbound steroid using charcoal/dextran and centrifugation. The steroid-receptor (bound) fraction was layered onto linear 10-35% sucrose gradients developed in cellulose nitrate tubes in hypertonic buffer using a gradient mixer (Buchler Instruments, Inc., Ft. Lee, NJ). After centrifugation at 40C for 22 h at 150,000 g (Beckman Instruments ultracentrifuge, SW-50.1 rotor), 0.15-ml fractions were collected from the bottom of the gradient tubes using a density gradient-fractionater recovery system. Radioactivity in each aliquot was determined by beta liquid scintillation counting.
Vitamin D receptor mRNA isolation and quantification. Duodenal mucosa was scraped from underlying muscle layers, rinsed in ice-cold phosphate-buffered saline, flash frozen in liquid nitrogen, and stored at -70'C. Total cellular RNA was extracted from frozen tissue by the method of Komm et al. (27, 28) . Poly(A)+RNA was purified by oligo(dT)-cellulose (type 3, Collaborative Research, Inc., Waltham, MA) affinity chromatography (29) . Northern hybridization analysis of rat vitamin D receptor mRNA was performed as described previously for the chicken vitamin D receptor (13) . Briefly, 10 Mg of duodenal poly(A)+RNA was denatured at 550C in 50% formamide and 6.5%
formaldehyde, electrophoresed in a 1% agarose-formaldehyde gel, and electrotransferred to a Nytran membrane (Schleicher & Schuell, Inc., Keene, NH) in a morpholino propane sulfonic acid-sodium acetate-EDTA buffer (30) . After an initial prehybridization of the Nytran membrane, rat receptor mRNA was hybridized with 106 cpm/ml of a nick-translated fragment of the human vitamin D receptor cDNA (2 X 108 dpm/ug). The human vitamin D receptor cDNA fragment contains the coding region for the entire DNA-binding domain of the receptor that is homologous to the chicken vitamin D receptor (13, 31) and cross-hybridizes at high stringency with vitamin D receptor mRNAs from all avian and mammalian species tested (32) . After hybridization, the Nytran filter was washed four times, 5 min each at room temperature with 1 X standard saline citrate (SSC) (150 mM NaCl, 15 mM Na3 citrate, pH 7.0), 0.1% SDS, followed by two highstringency washes for 15 min each at 550C with 0.IX SSC, 0.1% SDS.
Vitamin D receptor mRNA bands were visualized by autoradiography and quantitated by laser densitometric scanning. As an internal control the same Nytran filter was stripped and rehybridized to a nicktranslated actin cDNA probe. The quantitation of vitamin D receptor mRNA is based on scanning of actin mRNA amounts in each lane. Serum chemistries. Serum calcium and magnesium were determined by atomic absorption spectrometry, and serum phosphate and creatinine by standard autoanalyzer methodology. Serum I,25(OH)2D3 was measured on 1.0 ml ofserum from individual rats by radioreceptor assay as previously described (33 (Table I) . 3 wk of LCD increased duodenal net calcium absorption from 30±20 to 187±46 nmol/cm2 h ( Table I ). The increase in J.,, was due to an increase in Jms without a change in Jsm, a predictable response by duodenum to LCD (3). In contrast to duodenum, there was net calcium secretion across jejunum from rats fed NCD, as calcium Jsm exceeded calcium Jn, (Table I) . LCD increased calcium Jms, and converted jejunum from net calcium. secretion to net absorption. LCD increased Jms greater in duodenum than jejunum, by an average of 139 vs. 23 nmol/cm2 h, so calcium Jnet during LCD was greater in duodenum than jejunum. As anticipated, shortcircuit current (ISC) was greater in jejunum than duodenum (Table I) Values are mean±SEM for n rats per group. Jnet, net flux = Jms -Jsm.
* Greater than NCD, P < 0.01. Greater than NCD, P < 0.006. § Greater than NCD, P < 0.007. mRNA species of 4.5 kb (Fig. 6 ). Fig. 6 ), but when the actin mRNA in both lanes was scanned with laser densitometry, this difference was minimized to a value of < 30% after normalization against the actin mRNA concentration.
Discussion
In this study the modulating activity of 1,25(OH)2D3 on intestinal vitamin D receptor content was examined at both the cellular and molecular level. Cultured pig kidney cell line LLC-PK1 (11, 20) , human skin fibroblasts (11, 15) , and mouse 3T6 fibroblasts (13, 14) (16) or the increase may be organ-specific (19) . Hunziker et al. (16) Accumulation of the vitamin D receptor observed in the present study may be the result of increased rate of receptor synthesis, decreased rate of receptor degradation, or a combination of both processes. The increase in intestinal vitamin D receptor by LCD appears not to be due to an increase in new receptor synthesis, since the mRNA that specifically encodes for the receptor protein increased only very slightly (< 30%), whereas intestinal receptor content increased threefold. Thus, the present study suggests that regulation may be controlled at several levels, including an extremely minor transcriptional component and a major effect on posttranslational events to depress the rate of receptor degradation. The observations in the present study are partially consistent with measurements in vitro of receptor protein and its mRNA in 3T6 mouse fibroblast cells (13, 14) . Recently, Mangelsdorf et al. (14) have employed in vitro translation and immunoprecipitation techniques to examine 1,25(OH)2D3 regulation of its receptor in 3T6 cells. These studies revealed a complex system that involves both transcriptional and posttranslational components.
It is known that one of these posttranslational events is due to receptor phosphorylation (35 (11, 12, 15, 20) . The sixfold increase in serum 1,25(OH)2D3 during LCD, is due largely to increased synthesis by renal proximal tubules (21, 33) . That Duodenum and jejunum differ in calcium transport kinetics, with a higher secretory flux (Jsm) in jejunum and a greater response to endogenous and exogenous 1,25(OH)2D3 in duodenum (3) . In the present study receptor content in duodenum and jejunum from rats fed NCD or LCD were equivalent, whereas Feldman et al. (18) found a progressive decline in receptor content from duodenum to ileum in vitamin D-deficient rats. Although regional receptor concentration differences between the present study and that ofFeldman may be due to the vitamin D status of the animals, diminished calcium transport response by jejunum to 1,25(OH)2D3 cannot be due to a difference in vitamin D receptor-binding sites, since basal receptor content in duodenum and jejunum were equivalent, and LCD caused a comparable increase in receptor number in both regions. It is also unlikely that greater cellularity of duodenum accounts for differences in receptor content and higher calcium transport rates, since cecum is devoid of villi and has higher calcium transport rates than duodenum, and cellular phosphate transport is greatest in jejunum (3, 37) , which is also less cellular than duodenum. The apparent discrepancy between segmental calcium transport and receptor number do not negate the important role of receptor binding in reaching steady-state calcium transport rates. Rather, the cellular response to 1,25(QH)2D3 appears to be modified by events subsequent to the synthesis of the vitamin D receptor.
